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Direct Photon Measurements by the D�
Experiment

The D� Collaboration1

(July 1996)

We report a measurement of the cross section for production of isolated photons
with transverse energy ET > 12 GeV in the central j�j < 0:9) and forward (1:6 <
j�j < 2:5) rapididy regions for �pp collisions at center of mass energy

p
s = 1:8 TeV ,

using an integrated luminosity of 13 pb�1. The cross section is compared with a next-
to-leading order (NLO) QCD calculation. We also present preliminary measurements
of the center of mass scattering angle distribution and of the correlations between the
rapidity of the photon and that of the leading jet in the event.
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I. INTRODUCTION

Direct photons permit clean tests of the predictions of QCD. At leading order, photon
production directly probes the partonic interaction, without the ambiguities associated
with jet identi�cation, fragmentation and jet energy measurement. The dominant modes
of production are from gluon-quark and quark-quark scattering. The former process makes
the outgoing photon a useful probe of the incoming gluon.

II. DETECTOR AND EVENT SELECTION

Photons are identi�ed in the D� detector (1) using a uranium/liquid argon sampling
calorimeter. The electromagnetic section covers the region of pseudorapidity j�j < 3 (where

� = � ln tan �
2) with energy resolution �E=E = 15%=

p
E(GeV) � 0:3%, and position reso-

lution � 2 mm. The calorimeter is divided into four longitudinal layers (EM1{EM4) of 2, 2,
7 and 10 radiation lengths respectively; the transverse segmentation in pseudorapidity and
azimuthal angle is into towers of �� ��� = 0:1� 0:1 (0:05� 0:05 in EM3). Drift cham-
bers before the calorimeter allow photons to be distinguished from electrons and photon
conversions by dE=dx measurement.
Data are recorded using a three-level triggering system. At the �rst level, signals are

required in a scintillator counter near the beam pipe, which detects an inelastic p�p inter-
action. The next level is a fast hardware trigger which sums the electromagnetic energy in
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calorimeter towers of size �� ��� = 0:2� 0:2. The data used in this analysis correspond
to 13 pb�1 of integrated luminosity recorded during the 1992{93 collider run. They were
taken with transverse energy thresholds of 2.5, 7, and 10 GeV. The third level is a software
trigger in which clusters of calorimeter cells are formed and loose cuts made on shower
shape. The thresholds used at this level were 6, 14, and 30 GeV.
Additional cuts are applied to the photon candidates o�-line. Candidates and their

associated isolation cone (R =
p
��2 +��2 = 0:4) were restricted to fully instrumented

regions of the calorimeter. The electromagnetic energy fraction of the calorimeter shower
was required to be greater than 96% and the shower shape was required to be consistent
with the shape of test beam electrons. The photons were required to be isolated by a cut
on the transverse energy in a region between R = 0:2 and R = 0:4 around the photon:
ER=0:4
T � ER=0:2

T < 2 GeV . Finally, the missing transverse energy Emiss
T of the event is

required to be less than 20 GeV to reject electrons from W ! e� decays and events with
large amounts of calorimeter noise.

III. BACKGROUND ESTIMATION

The primary experimental challenge in the measurement of the direct photon cross sec-
tion is the extraction of the prompt photon signal from the copious backgrounds due to �0

and � mesons produced in jets and subsequently decaying to photons. The bulk of this jet
background is rejected by the selection criteria listed above, especially by the requirement
that the photon candidates be isolated; but substantial contamination remains from uc-
tuations in the jet fragmentation, which lead to a meson carrying most of the jet's energy.
In the ET range covered by this experiment, the two photons from meson decay coalesce
(most of the time) and mimic a single photon shower in the calorimeter. Fluctuations in the
shower development make background subtraction on an event-by-event basis impossible.
We have therefore subtracted the remaining background on a statistical basis.
The fraction of candidates ful�lling the selection criteria which are genuine direct photons

(the purity P) was determined using the energy E1 deposited in the �rst layer (EM1) of
the calorimeter. Neutral meson decays produce two photons, and so the probability that at
least one of them undergoes a conversion to an e+e� pair in the calorimeter cryostat and
�rst absorber plate is roughly twice that for a single photon. Meson showers therefore start
earlier than photon showers, leading to larger E1. As a discriminant, we use the variable
log (E1=Etotal) as shown in Fig. 1. The distribution is �t as the sum of Monte Carlo
generated photon signal plus �0 and � meson backgrounds. Fitting was done separately for
the central and forward samples for each E

T bin, using �2 minimization, and constraining
the fractions of signal and background to lie in the range [0; 1]. The results presented use
a production ratio of �=�0 = 1:0 (4), but all values between 0.50 and 1.25 give essentially
indistinguishable results for P, since the distributions of log (E1=Etotal) for �

0 and � mesons
are similar after cuts. The Monte Carlo calculation combines a detailed simulation of the
calorimeter with overlaid minimum bias events from data to model noise, pileup and the
underlying event. Its ability to correctly model the E1=Etotal distribution has been veri�ed
using samples of electrons from W ! e� events taken with the same trigger requirements.
The combined statistical and systematic error on the purity P, at each E

T point was

estimated by inating the �tting error by
p
�2=DoF for that ET . The multiplicative factor

accounts for systematic di�erences between the Monte Carlo distributions and the data.
It was typically 1.3 in the central region and 1.6 in the forward region. The central and
forward photon purities were then corrected by the ET -dependent e�ciencies and �t to the
form: P = 1� e�(a+bE



T
). The data points, �ts, and �t errors for P are shown in Fig.1.
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FIG. 1. (left) Histogram of the discriminant variable log(E1=Etotal), solid line is the result of
the �t to and admixture of (dot-dot), �0(dash-dash), and �(dot-dash) components. (right) The
photon Purity/e�ciency vs. Transverse Energy. The errors shown are combined statistical and
systematic; the lines indicate the �t and its variation.

A second method of background subtraction was used to check the results from the
calorimeter energy deposition method. It also takes advantage of the di�erence in conversion
probability between single photons and background. In this case, the material between the
interaction point and the drift chamber causes conversions which are measured with twice
minimum ionizing energy using the drift chambers. The results from the two methods were
found to be consistent in the central region. The conversion method has larger statistical
errors (only 10% of photons convert) and therefore is not used in the �t.

IV. INCLUSIVE CROSS SECTION

Figure 2 (left) shows a plot of (�e��t)=�t where �e and �t are the experimental and the-
oretical cross sections respectively. The error bars on the data points reect the statistical
uncertainty only. The shaded band in Fig. 2 (left) shows the total correlated systematic
uncertainly from all sources including �5% normalization uncertainty from the luminosity.
The theoretical cross section is the next-to-leading order QCD calculation of Baer et al. (2)
using CTEQ2M parton distributions (3) with a renormalization scale � = ET . The theoret-
ical calculation has been smeared with the experimental electromagnetic energy resolution,
and includes an isolation requirement to match that used in the experimental analysis.
Because of our unique measurement of the cross section in the forward rapidity region, it

is possible to plot the ratio of forward to central cross sections which allows for cancellation
of the luminosity uncertainty. This is shown in Fig. 2 (right) along with the NLO prediction,
as a function of scaled transverse energy xT = 2E

T=
p
s.

V. ANGULAR DISTRIBUTION

The inclusive cross section is a convolution of matrix elements and parton distributions.
Information about the matrix elements alone can be obtained by measuring the angular
distribution in the CM frame. In order to be able to reconstruct the kinematics of the
event in the CM frame, it is also necessary to know the direction of the recoiling jets.
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tions; (right) The ratio of forward to central cross sections vs. scaled transverse energy xT .

Therefore we require at least one jet which passes standard cuts (which remove isolated
noisy calorimeter cells and main ring losses) be found in the event, and that the total
missing-ET < 0:3E

T . To retain the simplicity of the 2! 2 process, all jets in the opposite
hemicylinder from the photon, are combined to form the photon recoil object. The quantities
measured are the photon transverse energy and rapidity and the rapidity obtained from
the vector sum of all jets opposite the photon. The CM quantities are then given by:
�� = ���jet

2 ; �boost =
�+�jet

2 ; E� = E
T cosh�

�, and cos�� = tanh��.
This analysis requires E

T > 30 GeV and j�j < 0:9, and j�jetj < 3:0. To avoid acceptance
corrections, only events in the three regions shown in Fig. 3 (left) are used in the analysis.
These regions each cover a range of 0.8 in �� and �boost. Furthermore, the photon CM energy
is required to be above the trigger threshold: E� > E

T cosh�
�

max. The raw distribution is
formed by adding events from the three regions, with the constraint that regions higher in
�jet be normalized in the overlap region. The result is a distribution that has the shape
of the signal and background. Rather than compute an angle dependent photon purity,
the shape of the background is obtained from a pure sample of jets with ET > 30 GeV .
Photons were required to pass the same set of selection cuts as the inclusive sample, so the
purity (P) � 50%. The background was then subtracted using the purity as the relative
normalization. The preliminary results are shown in Fig 3 (right) along with the results from
a previous measurement (5) and the NLO prediction. Both results show good agreement
with the theory.

VI. PHOTON-JET RAPIDITY CORRELATIONS

Since the dominant direct photon production process at the Tevatron is gluon Compton
scattering, an analysis of the rapidity correlation between the photon and the leading jet
can provide information about the gluon distributions of the colliding hadrons. Speci�cally,
when one �xes the angle of the photon, one can probe a range of parton momenta by looking
at the angular distribution of the leading associated jet. In the following preliminary analysis
the �jet distributions are determined for several ranges of photon rapidity � .
A sample of photon candidates was selected from data taken during the 1994{95 run

with an integrated luminosity of 35 pb�1. Standard photon identi�cation cuts were applied.
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FIG. 3. (left)Distribution of candidates in �boost and �� for the regions used. (right) Plot of the
normalized cos�� cross section for both D� and CDF compared to the normalized NLO prediction.
Only statistical errors are shown for both experiments.

Photons were allowed in both central (j� j < 0:9) and forward (1:5 � j� j < 2:5) regions of
the detector. The transverse energy of the photon was required to be greater than 45 GeV.
Lastly, the ratio of energy in the �rst electromagnetic layer to the total shower energy was
required to be less than 1%. This cut was applied in order to increase the photon purity in
the sample: about 75% of the resulting events are expected to be genuine isolated photons.
In this analysis, events were binned in �ve ranges of absolute photon rapidity j� j. The

\signed" pseudorapidity of the leading jet, �jet (positive if in the same rapidity direction
as the photon and negative if opposite) was then plotted. These distributions are shown
in Fig. 4. The data show a tendency for the leading jet to follow the photon candidate
forward, though not fully. The average pseudorapidity of the leading jet is indicated in the
�gure for each of the j� j regions.
As an estimate of the behavior of the background, a sample was created which was ex-

pected to discriminate against photons. Both the isolation and the longitudinal energy
deposition cuts were reversed (isolation > 2GeV, E1=Etotal > 1%) and one or more of
other cuts expected to enhance the jet background were also required (two or more tracks
in front of the EM cluster, increased hadronic energy, non-photon-like shower shape). This
background sample is expected to be dominated by jets with a large electromagnetic com-
ponent. The correlation of the pseudorapidity of the leading jet with the rapidity of this
fake photon sample is also shown in Fig. 4. There is a much less pronounced tendency for
the leading jet to follow the EM jet (background) forward. To cross check the behavior of
the background sample, events in this sample were compared with a sample of dijet events.
The two samples gave consistent results.
Figure 5 summarizes the di�erent behavior of the sample enriched with photon-jet events

and that dominated by jet-jet background. The prediction of NLO QCD (2) for photon-jet
events is also shown in Fig. 5 and is in good qualitative agreement with the data (though
it does not include any admixture of jet-jet background).
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FIG. 4. Distributions of �jet for �ve di�erent regions of j� j: (left) photon candidates, (right)
jet-jet dominated sample. The shaded band shows the region of j� j.

VII. CONCLUSIONS

We have measured the cross section of single isolated photons produced in p�p collisions atp
s = 1:8TeV . It is found to be in good agreement with the predictions of next-to-leading-

order QCD for E
T > 30GeV in both the forward and central rapidity regions. Below this

value of E
T the cross sections show large deviations from the QCD prediction; however,

large systematic errors arising from split neutral meson clusters prohibit any conclusive
statement at this time. It should be noted that similar e�ects have been observed by other
experiments (4,6) in the low-E

T range, and an ad-hoc theoretical explanation has been
proposed which requires NLO QCD and additional initial state parton showers (7). The
center of mass scattering angle distributions have also been measured and are consistent
with NLO QCD. The correlation between leading jet rapidity and photon rapidity has been
studied and is found to be in qualitative agreement with the NLO QCD prediction, while a
jet-jet sample exhibits distinctly di�erent behavior.
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FIG. 5. The mean of the �jet distribution as a function of j� j for photon candidates, for the
jet-jet dominated sample, and the NLO QCD prediction for photon events.
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